The infrared absorption spectrum due to structural vibrations in molecules has been widely used to resolve chemical identification. However, this method is limited by the weak molecule-light interaction. Graphene plasmon, having strong confinement and large field enhancement, provides a promising way to increase their interactions. Here we propose tunable hybridization-induced graphene nanostructures for sensing application. Our results reveal that when the symmetry of the graphene disk is broken by introducing a small circular defect, dual-band resonance can be excited at mid-infrared frequencies. The dual-band resonance peaks are produced by plasmon hybridization effect between two simple structures: graphene disks and circular defects. We investigate the influence of the size and position of the circular defect on the dual-band resonance peaks. We further explore the dual-band resonance peaks for sensing, and the sensitivity can reach 550 cm −1 /RIU and the FOM can reach 20.4. Compared to the original graphene disk structure, the results show stronger resonance intensity and higher frequency sensitivity. Our findings provide a new platform for sensing, and moreover the dual-band resonance structure feature enables us to promote the development of multi-substance detection.
Introduction
Plasmons, the collective oscillation of free electron in metal or doped graphene, have shown strong field confinement and large field enhancement, which giving us a unique platform to realize subwavelength nanoscale devices and sensing applications [1] . This appealing optical phenomenon has played an important role in filters, sensors, modulators, integrated functional components and so on [2] [3] [4] [5] . In particular, the surface plasmon is very sensitive to the surrounding refractive index, and the resonance of the surface plasmon can be changed dramatic with a slight change in the refractive index of the sensing medium. Therefore, SPPbased sensors have attracted a lot of interests due to the reliability and high sensitivity of plasmon technology [6, 7] .
Traditional SPPs are based on noble metals and can only be excited at visible frequencies. This limits their application in the sensing field. In order to extend the operation range of the SPP and cover the frequency range from infrared to terahertz, metasurface and metamaterials have been proposed [8, 9] . So far, various sensors based on metamaterials and metasurface have been proposed and studied [9] [10] [11] . However, surface plasmon sensors composed by conventional materials have a common drawback: once the structure is manufactured, the resonant wavelength of the sensor is fixed.
Fortunately, a new type of two-dimensional material, graphene, has attracted wide attention due to its excellent optical and electronic properties, such as high electron mobility and adjustable surface conductivity [12] [13] [14] [15] . Compared with other traditional plasmonic materials, graphene-based devices have the advantages of low loss, long transmission length, and adjustable conductivity. The graphene device can change the resonant wavelength of the device by changing the chemical potential of the graphene instead of recreating the device [16, 17] . In recent years, many graphene-based devices including sensors have been proposed and studied [18] [19] [20] [21] [22] [23] . But the sensitivity of these sensors is yet to be improved. In addition, graphene surface plasmon sensors based on dual-band or multi-band also have great potential, but there are few studies in this area [24, 25] .
Here we propose a novel tunable hybridization-induced graphene nanostructure to achieve the dynamically tunable dual-band resonances in mid-infrared regions. When small circular defect was introduced in the graphene disk, the dual-band resonance peaks can be generated by plasmon hybridization between them. The excited dual-band resonance has polarization sensitivity and can be adjusted by controlling the position of the circular defect on the graphene disk. In addition, the responses spectral curves of the proposed graphene structure can be tuned by altering the Fermi level. The excited dual-band resonance peaks have superior refractive-index sensing performance. Thus, graphene metamaterials with tunable dual-band resonance peaks can exhibit potential applications in sensors and will help promote the development of multi-substance detection.
Results and discussion

Structural design and physical mechanism
Figures 1(a) and 1(b) display a segment of the proposed structure, consisting of an array of graphene nano-structure on top of Calcium fluoride (CaF 2 ) substrate with thickness of d = 20 nm of CaF 2 . The periodicity of unit cell is fixed as 100 nm, and R1 = 40 nm, R2 = 10 nm and S = 20√2 nm. Here, CaF 2 is selected as dielectric substrate due to its broadband transparency in the mid-infrared region and suitable dielectric properties [26] . The refractive index of CaF 2 is 1.43. Further, in order to modulate the Fermi level of graphene, the top gate technique is used here. The graphene Fermi level can be modulated in a wide range by this ion-gel top gating method. There are some papers using this method [27] [28] [29] [30] . In the mid-infrared region, the intraband conductivity term usually dominates over the interband term. Therefore, the interband transmission is negligible comparing to the intraband transmission in the mid-infrared range. Graphene's surface conductivity is well described by the Drude model and the equivalent relative permittivity is derived from the surface conductivity, as follows [15]:
where e represents electron charge, ω is the angular frequency of the incident wave, ћ is the reduced Planck constant, E f is the Fermi energy of the graphene layer, ε 0 is the permittivity of free space and the graphene layer thickness is t g = 1 nm. The relaxation time is
with Fermi velocity of / 300
and the carrier mobility of graphene
In this work, the room temperature (T = 300 K) is assumed. The simulation is performed using commercial software COMSOL Multiphysics, based on the finite-element method, and the periodic boundary conditions are used in the xy plane; the Floquet ports are applied in the z direction. In the simulation, the electric field is polarized in the x direction.
The proposed defect graphene disk structure can be seen as an interaction between the plasmon responses of a graphene disk without circular defect and a circular defect [31] . Because of the finite spacing, the graphene plasmons arisen from the disks and circular defects interact with each other. Figure 1 (c) shows the transmission spectra of graphene disk without the circular defect at different Fermi levels. The radius of graphene disk is 40 nm. When the Fermi levels range from 0.5 to 0.9 eV, a dipolar resonance at 30-50 THz regime was found in the symmetric graphene disk structure, which can be confirmed in Fig. 1(d) . The resonance frequency of the dipole mode excited in the individual graphene disk can determined via the equation [30, 32, 33] ( )
where L 1 = 12.5, c is the speed of light in free space, α≈1/137 is the fine-structure constant, ε 1 and ε 2 are the dielectric permittivities of the materials above and below the graphene disk, respectively, and D is the diameter of the graphene disk. Figure 1 (e) shows the transmission spectra of graphene layer with circular defects. The radius of the circular defect is 10 nm. A dipolar resonance at 50-70 THz regime was observed when changing the Fermi levels from 0.5 eV to 0.9 eV, which can also be confirmed in Fig.  1(f) .
Numerical demonstrations of the dual-band resonance
The proposed graphene disk with circular defect structure utilizes the plasmon hybridization model, and excites high quality dual band resonances, as shown in Figs. 2(a)-2(f). Here, the Fermi level is 0.7 eV. It can be concluded from Figs. 2(a) and 2(b) that when the circular defect and the disk are concentric, the dipole resonance of the disk and the dipole resonance of the circular defect are excited. In this case, the disk dipole plasmon can interact with the plasmon of the circular defect, producing bonding (low-energy) and anti-bonding (highenergy) hybridized states. Due to the plasmon hybridization between the graphene disk and circular defect, the bonding (anti-bonding) mode is red (blue) shifted to 34.7 THz (75.8 THz), as compared to the dipole resonance frequency of the graphene disk (the circular defect), shown in Fig. 2(c) (Fig. 2(d) ). The resonance frequencies of the bonding and anti-bonding modes can also be derived from Eq. (2). Here the values of L1 depend on the ratio of inner-to-outer diameters D defect /D disk , it can be find in Ref. 32 . Such behaviors perfectly justify our idea to realize the dual-band resonance based on the plasmon hybridization model, as schematically shown in Fig. 3(b) . Figures. 2(c) and 2(d) show the case where the circular defect is on the yaxis with a shift distance of 20√2 nm. Compared with the case where the circular defect and the graphene disk are concentric, the resonance frequency of the bonding mode has a blue shift, and the resonance frequency of the anti-bonding mode has a red shift. The electric field distribution of the two modes can be observed from Fig. 2(d) . Similarly, Figs. 2(e) and 2(f) show the case where the circular defect is on the x-axis with a shift distance of 20√2 nm.
Since the incident wave is x-polarized, the effect is different when the circular defect positions are different. The resonance frequencies of the two modes have blue shift compared to the case where the circular defect is on the y-axis. Figure 2(f) shows the electric field distribution of the two modes in this case. It can be observed from Figs. 2(a)-2(f) that when the circular defects are located at different positions of the graphene disk, the plasmon hybridization effect between them has different effects on the bonding and anti-bonding resonance. Therefore, the polarization selectivity of graphene disk with circular defect have been studied in this part. Here the radii of graphene disk and circular defect are 40 nm and 10 nm. The Fermi level is 0.7 eV. When the incident wave is x-polarized and the circular defect is on the y-axis (θ = 0°), the resonances of the bonding and anti-bonding modes are 33.4 THz and 44.6 THz, respectively, and the electric field distribution can be observed from Fig. 2(d) . When the circular defect is on the x-axis (θ = 90°), the resonances of the bonding and anti-bonding modes are 35 THz and 49 THz, respectively, and the electric field distribution can be observed from Fig. 2(f) . As the circular defect moves from the y-axis to the x-axis (θ = 0° to 90°), the transmission dips(both the bonding and anti-bonding modes) gradually changes from θ = 0° to θ = 90°. This can be verified from the transmission curve of θ = 0°, θ = 45° and θ = 90° in Fig. 3(b) . These results indicate that circular defect with different offset angles on the graphene disk are polarization sensitive.
The influence of the Fermi level on the resonance spectra curves is shown in Fig. 4(a) , taking the benefit of tunable surface conductivity by adjusting its Fermi energy. When the Fermi level is increased from 0.5 eV to 1.0 eV, the corresponding amplitude is almost unchanged, and the dual-band resonance peaks has a blue shift, realizing the modulation function in the interest frequency range, as shown in Fig. 4(a) . Thus, by adjusting the Fermi level, dynamically controlled the dual-band resonance peaks are achieved without reconstructing the geometry or integrating metamaterials with other active components. Figure 4(b) shows the transmission spectral curves of the proposed structure with different circular defect radius, where the graphene disk radius is 40 nm, the defect shift distance is 20√2 nm and the Fermi level is 0.7 eV. As R2 increases, the resonance amplitude of the transmission peaks are decreases, and the resonance frequency has a red shift. The graphene disk radius is 40nm, and the defect shift is 20√2 nm. (b) Transmission spectra at different circular defect radius with the values of8 nm, 9 nm and 10 nm.
Refractive-index sensing performance of the defect graphene structure
In this part, the performance of the dual-band resonance peaks has been evaluated. Compared with the recent research, the proposed defect graphene disk structure is more sensitive [34] . Different refractive indices are set as analytes on the devices. Figure 5 (a) shows the transmission spectra of the graphene disk structure with different refractive indices from 1 to 1.5. Here, the Fermi level is 0.7 eV. The dipole resonance dip frequency has a red shift (from 1274 cm −1 to 1111 cm −1 ) as the refractive index increase from 1 to 1.4. Here, the wavenumber is defined as:
. Where λ is the wavelength [35] . The dipole resonance dip frequencies of the graphene disk are plotted together as a function of the refractive index, as shown in Fig. 5(b) . There is a linear change in these frequency shifts, and the slopes of these lines are defined as the sensitivity (approximately 400 cm −1 /RIU). The ratio of the sensitivity to the FWHM of the resonance [(cm −1 /RIU)/FWHM] determines the FOM of metamaterials. The FOM value of the graphene disk structure is around 12.9. Compared with the graphene disk structure, the transmission spectra of the defect graphene disk structure's dual-band resonance curves with different refractive indices is shown in Fig. 6(a) . Here, the graphene disk radius is 40 nm, the radius of the circular defect is 10 nm, S = 20√2 nm, θ = 45° and the Fermi level is 0.7 eV. The resonance peaks frequencies are plotted together as a function of the refractive index, as shown in Fig. 6(b) . The sensitivities of the defect graphene structure are 370 and 550 cm −1 /RIU for the bonding and anti-bonding mode resonance peaks, respectively. This clearly reflects that the sensitivity of the sensor is enhanced by the anti-bonding mode resonance peak. We choose the sharp transparency peak and the higher dip (compared with two dips) on the resonances curve as two extreme points and then note the full-width at half-maximum bandwidth [36] . The FOM values of the bonding and anti-bonding mode resonance peaks are around 11 and 20.4, respectively.
Conclusion
In summary, the high-quality dual-band response has been demonstrated in an asymmetric defect graphene disk structure. When a circular defect is introduced in the graphene disk, the plasmon hybridization effect between them produces a dual-band resonance. The electric-field distributions and energy-level diagram explain the basic resonance mechanisms. The two excited response peaks have superior refractive-index sensing performance. The results demonstrate that the excited resonance can be modulated by the Fermi levels, the defect radius and the position of the defect. Compared with the normal graphene disk structure, the sensitivity and FOM of the dual-band resonance peaks are higher. In this work, the frequency sensitivity of the defect graphene disk structure is able to reach 550 cm −1 /RIU and the FOM value can reach 20.4. Therefore, the proposed defect graphene disk structure is a promising method for biosensing, gas detection and food safety etc. And the dual-band responses will help promote the development of multi-substance detection.
